In 1975, we initiated a long-term interdisciplinary study of forest watershed ecosystem response to clearcutting and cable logging in watershed 7 at the Coweeta Hydrologic Laboratory in the southern Appalachian Mountains of North Carolina. This paper describes =20 years of change in species composition, aboveground biomass, leaf area index (LAI), and nutrient pools in the S9-ha mixed hardwood forest of watershed 7 following commercial clear-cutting in winter 1977. We measured woody species in 24 permanently marked plots before cutting in 1974 and during subsequent years . By 1997 (~20 years after cutting), aboveground biomass was 81.7, 96.9, and 85.4 Mg.ha-' in the cove hardwood; mesic, mixed-oak; and dry, mixed-oak communities, respectively. Leaf biomass and LA1 accumulated relatively faster than total aboveground biomass in all three communities. By 1984, only 7-8 years after cutting, leaf biomass and LA1 were nearly equal to the amount estimated for the precut forest. In 1997, nitrogen accumulation was 36, 44, and 61% and phosphorus accumulation was 48, 66, and 59% in the cove-hardwoods; mesic, mixed-oak; and dry, mixed-oak communities of the corresponding precut communities, respectively. Potassium, calcium, and magnesium accumulations were less than either nitrogen or phosphorus accumulation. [Traduit par la R6dactionJ
Introduction
In forest ecosystems, post-disturbance biomass accumulation provides an index of carbon sequestration and the reestablishment of biological control over a variety of ecosystem processes, including those controlling water and nutrient cycles and losses (Swank et al. 2001) . Thus, the rates and controls on biomass accumulation in aggrading secondary successional forests (sensu Bormann and Likens 1979; Oli- ern Appalachian mountains of North Carolina (Swank and Caskey 1982) . investigators found that clear-cutting in WS7 increased mean monthly temperatures by 8-l 1°C for the period May-October at the litter-soil boundary the first year after cutting. It also reduced forest floor litter moisture, increased soil moisture (Swank and Vose 198X) , altered microarthropod activity in the litter (Seastedt and Crossley 198 1; Seastedt et al. 1983h) , and reduced first-year decomposition of woody litter, especially on xeric, south-facing slopes (Abbott and Crossley 1982) . Other experiments on how clear-cutting affects vegetation dynamics have addressed the silvicultural and ecosystem aspects of early forest regeneration (Boring 1979; Boring et al. 1981 Boring et al. , 1988 Parker and Swank 1982; Boring and Swank 1984; and long-term changes in species composition and diversity (Elliott and Swank 1994~; Elliott et al. 1997 Elliott et al. , 1998 . In a recent paper about WS7, Swank et al. (2001) described =20 years of change in water yield, the storm hydrograph, stream inorganic chemistry, and sediment yield. Our objective in this paper was to summarize =20 years of change in species composition, aboveground biomass, and nutrient accumulation in live vegetation for a 59-ha mixed-hardwood forest after commercial clear-cutting.
Material and methods

Study area
The study site, a 59-ha watershed (WS7), is located in the Coweeta Hydrologic Laboratory (35"04'3O"N, 83'26'W) near Franklin, N.C. The Coweeta Basin is in the Nantahala Mountains, part of the Blue Ridge province in the southern Appalachians. WS7 has a south-facing aspect and ranges in elevation from 720 to 1065 m. Slopes range from 23 to 8 1%. Parent rocks of schist and gneiss have weathered to form deep soils with rock outcrops present on steep slopes at higher elevations (Hatcher 1974) . At lower elevations, the dominant soil series is the Tusquitee, a member of the fineloamy, mixed, mesic family of Humic Hapludults. Ridge and slope soils are dominated by the Chandler series, a member of the coarse-loamy, micaceous, mesic family of Typic Dystrochrepts (Thomas 1996) . The mean annual temperature is 13°C; mean temperatures are 6.7"C in the dormant season and 185°C in the growing season. Mean annual precipitation is 183 cm (Swift et al. 1988) .
Historically land use in the Coweeta Basin has included selective logging, woodland grazing, and burning. Before 1842, Cherokee Indians burned semiannually to improve forage for livestock. Between 1842 and 1900, European settlers also burned and grazed livestock in the basin. Between 1900 and 1923, logging operations occurred over the entire area, but cutting was heaviest on the lower slopes, valleys, and accessible coves. Since 1924, human activities have been restricted to experimental studies (see Douglass and Hoover (1988) for a complete description of the history of the Coweeta Basin). In a woodland grazing experiment on a portion of the watershed between 1941 and 1952, investigators assessed the impact of six head of cattle. Short-range effects primarily consisted of soil compaction and overgrazing in the cove area adjacent to the stream (Johnson 19.52; Williams 19.54).
Harvesting of WS7, begun in January 1977, was completed in June. Merchantable volume was tractor skidded on slopes less than 20% (about 9 ha); mobile cable-yarding system was used on the remaining area. A portion of the trees cut on ridgetops and xeric slopes were not cable logged because those areas had an inadequate volume of merchantable timber. All stems 22.5 cm diameter at breast height (DBH) were cut, and logging debris was left in place. No further site-preparation activities were conducted. This harvest technique reduced soil compaction and other structural disturbances of the forest floor and plant roots.
Sampling procedures
Before clear-cutting, we inventoried vegetation on 142 plots (20 x 40 m) systematically located in the watershed. Referring to previous studies (Williams 1954; Day et al. 1988) , we identified three community types in WS7: (i) cove hardwoods at lower elevations and along ravines at intermediate elevations; (ii) mixed-oak hardwoods on mesic, southeast-and north-facing slopes at intermediate elevations; and (iii) mixed-oak hardwoods on dry to xeric southwestand south-facing slopes at intermediate to upper elevations and ridgetops (previously described as hardwood-pine, but this community has only a minor component of pine). We classified plots into community types based on detrended correspondence analysis (DCA) (Gauch 1982 ) that used precut woody vegetation data from 1974 for 24 of the permanently marked plots (Elliott et al. 1997 ). The aerial coverage was approximately 15% for the cove hardwoods; 25% for the mesic, mixed oak; and 60% for the dry, mixed oak (Boring and Swank 1986) . After clear-cutting in 1977, we sampled 18 of the 142 plots for regrowth: 8 in the cove hardwoods; 5 in the mesic, mixed-oak hardwoods; and 5 in the dry, mixed-oak hardwoods. In 1978, 5 plots from the 18 were dropped and 11 plots from the remaining 124 were added to total 24 permanently marked plots. We increased sample size in the mesic, mixed-oak and dry, mixed-oak communities to reflect their larger aerial coverage within the watershed. Seven plots represented the cove hardwoods; 7, the mesic, mixed-oak hardwoods; and 10, the dry, mixed-oak hardwoods. The 24 plots were remeasured in subsequent years (1979, 1984, 1993, and 1997) to observe changes in vegetation composition through succession.
Two quadrats (each 7 x 7 m) were located in opposite corners of each 0.08-ha plot. In 1977, we sampled hardwood sprouts in the 7 x 7 m quadrats and sampled seedlings in 3 x 3 m subplots; values were pooled for each pair. In years 1979 through 1997, woody species > 0.5 m height were sampled in 7 x 7 m quadrats. At the end of each growing season, we recorded densities by species and diameter class on each sample quadrat. Diameter classes were designated by 0.5-cm intervals up to a maximum of 3 cm in the first year (1977) and by l.O-cm intervals up to a maximum of 8 cm for years 1979 and 1984. The diameter of different species was measured at 3 and 40 cm from ground level, depending on the species' potential growth rates. The 3-cm measurement gave the best fit for coupling biomass regression equations for slow-growing species; 40 cm was best for fast-growing species (Boring et al. 1981) . In 1993, woody stems with a DBH 21.0 cm were measured to the nearest 0.1 cm at 1.37 m from ground level, and woody stems cl.0 cm DBH and >0.5 m height were measured at 3 cm Coupling regression analysis with sample plot measurements, we used standard dimension analysis techniques to estimate aboveground biomass and leaf area of woody species. To establish regression equations, we sampled individual young hardwoods (mostly of sprout origin) each August from years 1-3 at randomly chosen sample points within the study area (Boring et al. 1981 ). For year 8, hardwoods were sampled from adjacent sites in the Coweeta Basin (Boring and Swank 1986 ). We cut sample individuals at ground level or at the point of sprout origin on the stump. Diameters were measured at 3 and 40 cm from the base; the 3-cm measurement gave the best fit for slow-growing species, and 40 cm was best for the fast-growing species. All leaves were removed, bagged, dried at 7O"C, and weighed. Stems and all branches were similarly dried and weighed (Boring and Swank 1986) .
Specific leaf area (SLA; cm*.g--') estimates were determined using leaf surface area/dry mass ratios measured on 2040 leaves for each of 21 woody species in years 1977 (first growing season after cutting), 1979 (3 years after cutting), and 1984 (8 years after cutting). These ratios were established by subsampling leaves from several individuals of each species, measuring leaf area with a LI-COR portable leaf area meter (Lambda Instrument Co., Omaha, Nebr.), then drying and weighing the leaves. In 1993 (17 years after cutting) and 1997 (21 years after cutting), SLA was determined in the same manner as previous years using 10 of the dominant tree species. Leaf area index (LAI) was calculated as leaf biomass multiplied by SLA for each sample year.
After clear-cutting, all herbaceous vegetation was harvested in August each year (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) ) from one randomly placed 1.0-m* subplot within each quadrat. Vegetation was separated by species and oven-dried at 70°C to constant mass. All species identification followed nomenclature consistent with Radford et al. (1968) .
Plant tissue samples were dried at 70°C and ground in a Wiley mill to pass through a l-mm sieve. For years 1977 and 1979, phosphorus (P) , potassium (K), calcium (Ca), and magnesium (Mg) were analyzed on a Jarrell-Ash plasma emission spectrograph (Jones 1977; Fassel 1978) at the University of Georgia Institute of Ecology (Boring 1982) . Total nitrogen (N) was determined on a Coleman Micro-Dumas nitrogen analyzer (Bremner 1965) . In 1982 and 1997, plant tissue samples were analyzed for N with a Perkin-Elmer 20400 CHN elemental analyzer (Perkin Elmer Corp., Norwalk, Conn.), for P with a Perstorp Enviroflow 3500 ion chromatograph (Alpkem Corp., Wilsonville, Oreg.), and for cations (K, Mg, and Ca) with a Perkin-Elmer 300 atomic adsorption spectrophotometer (Perkin Elmer Corp., Norwalk, Conn.) at the Coweeta Hydrologic Laboratory using procedures outlined by Deal et al. (1996) . The nutrient content of the plant biomass was determined by multiplying the nutrient tissue concentration for each species by aboveground biomass for the tissue.
Data analyses
To estimate aboveground biomass for years 1977 and 1979, we used allometric equations from Boring et al. (1981) for l-to 3-year-old saplings. For 1984, we used allometric equations from Boring and Swank (1986) for 8-year-old saplings. For years 1993 and 1997, we used allometric equations from Martin et al. (1998) for leaf bio- Fig. 1 . Aboveground live biomass of woody species (21.0 cm diameter base of stem) and herbaceous layer species (herbaceous + woody species < 0.5 m height) for the three community types (cove hardwoods; mesic, mixed oak; and dry, mixed oak) before cutting (1974) and after cutting (1977, 1979, 1984, 1993, and 1997) 
Results
Aboveground biomass and LA1
Before clear-cutting (1974), aboveground biomass was 204.3, 185.0, and 127.2 Mg.ha-' in the cove-hardwood; mesic, mixed-oak; and dry, mixed-oak communities, respectively (Fig. 1) . The first growing season after cutting, aboveground biomass was 51.6 Mg.ha-' in each community, a small fraction of the precutting biomass. Herbaceous-layer species contributed 18, 8, and 14% to the aboveground biomass in the cove-hardwoods; mesic, mixed-oak; and dry, mixed-oak communities, respectively (Table 2) . By the eighth year, biomass accumulation was 13 to 18% of the precut forest, depending on community type; and the herbaceous-layer species contributed only 1.0% to aboveground biomass in any community. By 1997 (~20 years after cutting), aboveground biomass was 81.7, 96.9, and 85.4 Mg.ha-' in the cove-hardwoods; mesic, mixed-oak; and dry, mixed-oak communities, respectively (Fig. 1) . These values ranged from 40 to 67% of the precut forest, depending on community type.
Leaf biomass accumulated relatively faster than total wood biomass in all three communities (Fig. 2) . In 1977, the first growing season after cutting, leaf biomass was 1974, 1979, 1984, 1993, and 1997 , the number of sample plots was 7 in the cove-hardwoods, 7 in the mesic, mixed-oak hardwoods, and 10 in the dry, mixed-oak hardwoods. In 1974 In , 1993 woody stems with a DBH of 1 . O cm or more were measured at 1.37 cm from the base, and stems with a DBH of less than 1.0 cm were measured at 3 cm from the base. In , 1979 all woody stems were measured at 3 and 40 cm from the base (Boring et al. 1981) . Species nomenclature follows Radford et al. (1968). <l .O Mg.ha-' in each community, which constituted 56-66% of the total aboveground biomass (Fig. 1) . Herbaceous-layer species contributed 15-33% to the total aboveground biomass and 2245% to the total LA1 in the first year. By 1984, only 8 years after cutting, leaf biomass and LA1 were nearly equal to the amount estimated for the precut forest; leaf biomass in the dry, mixed-oak community was slightly less. Herbaceous-layer species contributed <l .O% to total aboveground biomass and between 2 and 6% to LA1 in 1984 (Fig. 2) . Between 1984 and 1993, a decline in leaf biomass and LA1 was observed in two of the three communities; the exception was the dry, mixed-oak community (Fig. 2) . By 1997, =20 years after cutting, leaf biomass constituted 5.0% of the total aboveground biomass in any of the three community types (Fig. 1) . Leaf biomass increased substantially in the dry, mixed-oak communities and was higher than in either the cove hardwoods or mesic, mixed-oak hardwoods by 1997. For the dry, mixed-oak hardwoods, the increase in leaf biomass probably was due to the speciesspecific changes in leaf biomass between 1993 and 1997. While most species increased in leaf and total biomass over the 4-year period, a few species increased substantially (doubled) such as Acer rubrum and Quercus coccinea Muenchh. (Table 2) . Robinia pseudoacacia L. and Cornus ,florida L., two species that had declined in the other two communities between 1993 and 1997, increased slightly in aboveground biomass between 1993 and 1997 in the dry, mixed-oak community (Table 2 ). In addition, Kulmia Iatifolia and Rhododendron maximum L., two evergreen understory species, contributed 1.2 Mg.ha-I to leaf biomass and 0.75 rn2.m1* to LA1 by 1997.
In the precut cove hardwoods, five species accounted for 81% of the total aboveground biomass and ranked Carya Table 2 ). Eight years after cutting, the top five species accounted for 65% of the aboveground biomass and ranked C. ,jlorida > B. lentu > R. pseudoacacia > A. rubrum > L. tulipifera. Approximately 20 years after cutting, the top five species accounted for 73% of the total aboveground biomass and ranked L. tulipifera > B. lenta > R. pseudoacacia > Q. rubra > A. rubrum. Curya spp., which were dominant before cutting, constituted 27% of the biomass, but were a minor component after cutting where they occupied only 3.3% of the biomass by 1997. Oaks occupied 3 1% of the biomass before cutting and only 1 1% of the biomass 20 years later. Robiniu pseudoucacia was not present in the precut inventory, yet was the most abundant species the first and second growing seasons, ranking second in 1984 and 1993 and third in 1997. Two species, R. pseudoacacia and C. florida, declined in biomass between 1993 and 1997. Aesculus octandra, an abundant species in the cove hardwoods before cutting, was only a minor component of the community after cutting.
In the precut mesic, mixed-oak community, five species accounted for 8.5% of the total aboveground biomass and ranked Quercus prinus L. > Quercus velutina Lam. > Carya spp. > L. tulipifera > A. rubrum (Table 2) . Eight years after cutting, the five most abundant species accounted for 83% of the total biomass and ranked R. pseudoacacia > A. rubrum > C. jlorida > L. tulipifera > Castanea dentata (Marsh.) Borkh. Approximately 20 years after cutting, the five most abundant species accounted for 87% of the total aboveground biomass and ranked L. tulipifera > A. rubrum > Q. prinus > R. pseudoacacia > C. fzorida. Carya spp. and Q. velutina, abundant species before cutting, were minor species in this community through the 20-year period after Fig. 2 . Leaf biomass and leaf area index (LAI) for the three community types (cove hardwoods; mesic, mixed oak; and dry, mixed oak) before cutting (1974) and after cutting (1977, 1979, 1984, 1993, and 1997) cutting. In contrast, L. tulipifera, A. rubrum, and Q. rubm had achieved a comparable level of biomass in -20 years as they had before cutting. Robinia pseudoacacia had an almost threefold higher biomass after cutting than before, even though it declined in biomass between 1993 and 1997. Oaks, which accounted for 52% of the total aboveground biomass, occupied only 18% of the total aboveground biomass =20 years after cutting. In the precut dry, mixed-oak community, the five most abundant species accounted for 84% of the total aboveground biomass and ranked Q. prinus > Q. coccinea > A. rubrum > Oxydendrum aboreum (L.) DC. > Quercus alba L. (Table 2 ). Eight years after cutting, the five most abundant species accounted for 66% of the total aboveground biomass and ranked Q. prinus > Q. coccinea > A. rubrum > Castanea dentata > R. pseudoacacia. Twenty years after cutting, the five most abundant species accounted for 74% of the total aboveground biomass and ranked Q. prinus > Q. coccinea > A. rubrum > L. tulipifera > R. pseudoacacia. Unlike the other two community types, the three dominant species in the dry, mixed-oak community before cutting retained their rank abundance after =20 years. Kalmia lat(folia and Rhododendron maximum combined, evergreen understory species, were more abundant =20 years after than before cutting. In addition, R. pseudoacacia had twofold higher aboveground biomass =20 years after cutting.
In the dry, mixed-oak community, the two dominant species, Q. prinus and Q. coccinea, accumulated only 56 and 39% of their precut biomass in =20 years, respectively. In contrast, other species had the same or higher biomass =20 years after cutting than before. For example, biomass for A. rubrum, K. lat$lia, and Nyssa sylvatica Marsh. was nearly the same before and =20 years after cutting. In contrast, R. pseudoacacia, Q. rubra, and L. tulipijera had substantially higher biomass =20 years after cutting than before.
Aboveground nutrient accumulation
Generally, leaf N and leaf K concentrations were increased significantly through succession (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) , but no significant differences were detected for leaf P, Ca, or Mg between years (Tables 3 and 4 ). Significant differences were determined among species for all leaf nutrient concentrations (Table 3) . Cornusflorida had significantly higher leaf Ca concentration than the other species in both years. Robinia pseudoacacia had significantly higher leaf N concentration than the other species in both years. Robinia pseudoacacia and L. tulipifera had higher K and P concentrations than the other species in both years (Tables 3 and 4) .
Concentration of nutrients in the other tissue types (i.e., branch, stem, and bark) followed the same pattern as leaf nutrient concentration (unpublished data).
In WS7, nutrient distribution and accumulation varied by community type (Fig. 3) . Before cutting (1974), the dry, mixed-oak community had less nutrient mass than the other two community types for all five nutrients. By 1993, the mesic, mixed-oak community had the largest aboveground mass of P and Mg, and the dry, mixed-oak community had the smallest. The cove-hardwoods community had 27.9 kg P.ha& and 33.6 kg Mg.ha-'; the mesic, mixed-oak community had 36.9 kg P.ha-' and 36.8 kg Mg.ha-'; and the dry, mixed-oak community had 16.8 kg P.ha-' and 26.3 kg Mg.ha-' (Fig. 3) . The mesic, mixed-oak community had the highest P and Mg mass because of the large contribution of L. tulipifera to aboveground biomass (Table 2 ) and the high concentration of P and Mg in this species' leaf tissue (Table 4) . Phosphorus mass was lower in the dry, mixed-oak community probably because of lower P concentration in K. latijolia, Q. coccinea, and Q. prinus (Table 4) , the dominant species in this community (Table 3) , combined with the lower aboveground biomass (Table 2) than the other two community types.
Before cutting (1974), estimated aboveground N mass ranged from 517.6 kg N.ha-' in the cove-hardwoods community to 339.8 kg N.ha-' in the dry, mixed-oak community (Fig. 3) . In 1997 (~20 years after cutting), nitrogen mass was 184.3 kg N.ha-l (36% of the precut forest) in the covehardwoods; 210.1 kg N.ha-' (44% of the precut forest) in the mesic, mixed-oak; and 208.8 kg N.ha-' (61% of the precut forest) in the dry, mixed-oak community. Approximately 20 years after cutting, P accumulation in the cove-hardwood; mesic, mixed-oak; and dry, mixed-oak communities was 48, 66, and 59% of the corresponding precut (1974) communities, respectively. K accumulation in the cove-hardwood; mesic, mixed-oak; and dry, mixed-oak communities was 30, 42, and 59% of the precut (1974) communities, respectively. In 1997, Ca and Mg accumulations were less than either N or P accumulation. For example, Ca accumulation ranged from 31% of the precut forest in the cove hardwoods to 53% of the precut forest in the dry, mixed-oak community.
In the precut forest (1974), aboveground nutrient mass ranked Ca > N > K > Mg > P. Calcium mass was higher than any of the other nutrients because of the proportionately greater mass of wood to foliage tissue (Fig. 1) and the high concentration of Ca in wood tissue in the mature forest (1974) . The first growing season after cutting (1977), aboveground nutrient mass ranked N > Ca = K > Mg > P with high leaftotal ratios for all nutrients (Fig. 3) . Later in succession, 1eaf:total nutrient ratios declined but were higher than leaf mass:total aboveground biomass ratios (Fig. 2) . Leaf:total nutrient ratios differed because of changes in nutrient concentrations of specific tissue types (i.e., leaf, branch, stem) over time, differences among species in tissue nutrient concentrations, and shifts in leaftotal aboveground biomass ratios in each community. For example, the percentage of total aboveground N found in leaf tissue ranged from 15-20% in the precut forest, 76-83% in the first growing season, and fell to 35-38% =20 years after cutting depending on community type. By contrast, percentage of total aboveground Ca in leaf tissue ranged from 4.4 to 6.1% in the precut forest, 7X-85% the first growing season after cutting, and then fell to 13-16% =20 years after cutting (Fig. 3) .
One nitrogen-fixing species, R. pseudoacacia, contributed proportionately more to aboveground N (Table 5 ) than to total aboveground biomass because of its high concentration of nitrogen in plant tissue (Table 3) . For example, in the mesic, mixed-oak community, R. pseudoacacia contributed 33% to total N versus 25% to total biomass in 1977, 42% to total N versus 28% to total biomass in 1984, 43% to total N versus 23% to total biomass in 1993, and 19% to total N versus 10% to total biomass in 1997 (Table 5) . By contrast, in the same community, L. tulipiferu contributed 12% to total N versus 15% to total biomass in 1977, 12% to total N versus 15% to total biomass in 1984, 29% to total N versus 34% to total biomass in 1993, and 34% to total N versus 42% to total biomass in 1997.
Discussion
Early successional recovery
Rapid regeneration of foliar biomass and LA1 are important in the recovery of biotic control of ecological processes such as net primary productivity (NPP), evapotranspiration, and retention of nutrient and organic capital (Likens et al. 1977; Waring and Schlesinger 1985; Crowell and Freedman 1994; Bolstad et al. 2000; Swank et al. 2001 ). If regrowth is allowed to proceed, sprouting and rapid vegetative growth provide mechanisms for recovery in eastern deciduous for- 1977" 1982 1997 1977 1982 1997 1977 1982 1997 1977 1982 1997 1977 1982 1997 1977 1982 1997 1977 1982 1997 1977 1982 1997 1977 1982 1997 1977 1982 Rhododendron muxirnum' 'These species were not used in statistical tests (Table 3 ) because no samples were collected for nutrient analyses in 1997.
ests. In WS7, leaf biomass and LA1 recovered within 8 years after clear-cutting, similar to findings in other clear-cut successional forests at Coweeta (Swank and Helvey 1970; Swift and Swank 1981) . This rapid recovery of LA1 increased evapotranspiration, which reduced the extra water yield observed after clear-cutting; by the seventh year, annual streamflow had returned to pretreatment levels (Swank et al. 2001) . In addition, the high rate of NPP and sequestration and storage of nutrients during early succession substantially moderated the loss of solutes from the watershed (Swank et al. 2001) . By contrast, later in succession, the high rate of R. pseucloncaciu mortality was associated with elevated losses of NO,-N from the watershed (Swank et al. 2001) . In the first l-3 years following cutting, herbaceouslayer species including Rubus spp., Panicum spp., Aster spp., and Solidago spp. contributed significantly to accumulation of aboveground biomass, LAI, and nutrient capital (Boring et al. 1981; Boring 1982; Boring and Swank 1986 ). However, soon after cutting, woody species became increasingly abundant, and proportionately less biomass and nutrient capital were found in herbaceous-layer species. For example, by 1993, herbaceous-layer biomass contributed less than 0.1% to total aboveground biomass in any of the three community types (Elliott et al. 1997) . These findings are consistent with other closed canopy forests in the southern Appalachians (Day and Monk 1974; Busing et al. 1993) . Although our study showed that ground vegetation contributed considerably to aboveground biomass the first few years following disturbance, the contribution was proportionately less than found in northern forests (Crow et al. 1991; Reiners 1992; Crowell and Friedman 1994) . Previous papers (Elliott and Swank 1994~; Elliott et al. 1997 Elliott et al. , 1998 have described the species-specific changes following clear-cutting in three different watersheds in the Coweeta Basin. In brief, clear-cutting in the southern Appalachians favors shade-intolerant species such as L. tulip$era and R. pseudoacacia, and shade-tolerant understory species such as Rhododendron muximum and K. IutijXa. In addi- Fig. 3 . Nitrogen, phosphorus, potassium, calcium, and magnesium capital for three community types (cove hardwoods; mesic, mixed oak; and dry, mixed oak) before cutting (1974) and after cutting (1977, 1979, 1984, 1993, and 1997) in dominance in all three communities after cutting. Rohinia pseudoacacia could be viewed as a traditional pioneer species that facilitates the growth of the next successional sere (Barnes et al. 1998 ), because it is short-lived, due to early mortality associated with locust stem borer (Megacyllene rohiniae Forster) (Boring and Swank 1984) , and fixes a substantial amount of nitrogen (Boring 1982; Boring and Swank 1984) . In contrast, L. tulipifera, a shade-intolerant, fastgrowing species, reaches the canopy quickly, yet is very long-lived (Buckner and McCracken 1978; Burns and Honkala 1990) . Once established, even on drier sites, it maintains its canopy position even during drought conditions (Clinton et al. 1993; Elliott and Swank 1994b) . Diseases and insects were significant factors in the dynamics of vegetation recovery within community types on WS7. Mortality of R. pseudoacacia between ages 16 and 20 in the mesic, mixed-oak and cove-hardwood communities was due to the locust stem borer that commonly infects young R. pseudoacacia in the southern Appalachians (Boring and Swank 1984) . The decline of dogwood from 1984 to 1997 was strongly influenced by dogwood anthracnose caused by Discula destructiva Redlin, a serious disease in southern Appalachian forests since about 1985. Studies at Coweeta have shown the climate is extremely conducive to disease development and a high incidence of disease and mortality occurs in the basin (Chellemi et al. 1992; Britton 1993) . Additionally, the loss of Castanea dentata early in succession was due to the chestnut blight (Endothia parasiticu (Murr.) P.) which has long been present at Coweeta (Woods and Shanks 1959; Day et al. 198X) .
Spatial variability of LA1
In the mixed hardwoods forests within the Coweeta Basin, variation in annual net primary production (ANPP) and LA1 have been attributed to an elevation gradient (with higher precipitation and lower temperatures at high elevations) and a topographic-terrain gradient (with higher temperatures and lower soil moisture on ridges) (Bolstad et al. 2001 ). This elevation gradient and terrain shape index also influences the species distributions (Elliott et al. 1999) , and therefore affect the potential biomass and nutrient accumulation following a major disturbance such as clear-cutting. Monk et al. (1970) estimated LA1 of 4.0 m2.mm2 for a oak-hickory forest in the Georgia Piedmont (=50-year-old forest). Our estimates for LA1 of the precut (1974) forest of WS7 (270 years old) were slightly higher for a comparable forest type (i.e., mesic, mixed-oak) on a south-facing watershed, which received higher solar radiation (leading to higher temperatures). Monk et al. (1970) value for LA1 was comparable to a young, mixed-deciduous forest in New England (DeLucia et al. 1998), but it was less than other reported LA1 values within the Coweeta Basin. In another undisturbed watershed, with evergreen species contributing up to 35% of the total standing crop of leaves (Monk and Day 1984) , LA1 was estimated at 6.2 m2.mm2 . In mature (275year-old) forests within the Coweeta Basin, Bolstad et al. (2001) reported a range in LA1 from 2.7 to 8.2 m2.mm2, depending on elevation and terrain position (ridge, sideslope, or cove), with LA1 decreasing as elevation increased (a function of lower temperatures) and as terrain position increased (ridges having the highest terrain shape index; a function of lower soil moisture (Helvey and Patric 1988; Yeakley et al. 1998) ). For mature forests within 800-l 000 m elevation (the elevation range of WS7), LA1 ranged from 5.0 to 6.5 m2.m-* (Bolstad et al. 2001 ). However, we did not find a decrease in LA1 from cove to ridge, primarily because of the abundance of K. latifolia and Rhododendron maximum that contributed substantially to total LA1 in the dry, mixed-oak community located on upper slopes lo ridges. Across communities, LA1 in the =20-yearold forest of WS7 was already equal to the LA1 in a 50-yearold forest reported by Monk et al. (1970) and within 65-80% of the 275-year-old mature forests at similar elevations reported by Bolstad et al. (2001) .
Regional comparisons
Accumulation of aboveground biomass and nutrients in live vegetation was faster in the southern Appalachian hardwood forest than in northeastern hardwood forests. Reiners (1992) found that biomass accumulation was 52 Mg.ha-' (38% of the total for a nearby, mature watershed) 20 years after clear-cutting a hardwood forest at Hubbard Brook, New Hampshire. Biomass accumulation was much higher (56-85%) in the southern Appalachian communities of WS7 than in the clear-cut watershed in Reiners' (1992) study. In addition, the aboveground pools of nutrients were almost twofold higher in WS7 than the northern hardwood forest at Hubbard Brook. However, in the Hubbard Brook study, experimental treatment differed from commercial clear-cutting in that timber was not removed and regrowth was suppressed with herbicides for the first 3 years following cutting. One of the effects of herbicide treatment may have been to decrease regeneration by sprouting, relatively important in northern hardwood forests (Martin and Hornbeck 1989; Reiners 1992) . In a northern hardwood forest in Nova Scotia, Crowell and Freedman (1994) reported aboveground biomass of 17 Mg.ha-' for woody species and nutrient standing stocks of 58 kg N.ha-', 14.5 kg P.ha-', 57 kg K.ha-', 64 kg Ca.ha-', and 14 kg Mg.ha-' 8 years after clear-cutting; and aboveground biomass of 72 Mg.ha-' and nutrient standing stocks of 160 kg N.ha-', 26 kg P.ha-', 102 kg K.ha-', 191 kg Ca.ha-', and 24 kg Mg.ha-' 20 years after clearculling.
Several factors explain higher biomass and nutrient accumulation in the southern Appalachian hardwood forests, when compared with the northern hardwood forests of New England (Hornbeck et al. 1987; Reiner 1992; Crowell and Freedman 1994) : the prehumid climate (higher temperature and precipitation), prolific sprouting ability of hardwoods (Kays and Canham 1992; Elliott et al. 1997) , and abundance of R. pseudoacacia, a nitrogen-fixing species. Not only does R. pseudoacacia fix a substantial amount of N (estimated 30 kg N.ha-' in young stands (Boring and Swank 1984) ), it also accumulates large quantities of N in leaves, branches, stems, and roots (Boring and Swank 1984) . In dense stands of R. pseudoacacia, Boring and Swank (1984) found much higher N standing stock in 17-and 38-year-old stands than we found in WS7. Monk and Day (1988) reported N standing stock of 563 kg N.ha-' for a mature oak-hickory forest within the Coweeta Basin. The harvest method for WS7 was a commercial clearcut removing only merchantable sawlogs; thus, biomass and nutrient removals were only a fraction of total aboveground standing stocks before cutting (Mann et al. 1988) . Only 43 Mg.ha-' (~26%) of the aboveground biomass and 13, 12, 13, and 22% of the N, P, K, and Ca, respectively, were actually removed from the watershed. Large quantities of coarse and fine woody debris (122 Mg.ha-') were delivered to the forest floor from logging and site preparation activities (Mattson et al. 1987 ). Thus, organic reserves released from the forest floor and decaying root systems from cut stumps were another major sources of nutrients for regrowth.
Southern Appalachian forests generally are more productive than other North American deciduous forests (Cannel1 1982; Busing et al. 1993; Grier et al. 1989; Reich et al. 1997; Barnes et al. 1998; Waring et al. 1998 ); therefore, they have the potential to accumulate more aboveground biomass and nutrients following disturbance. For example, aboveground biomass estimates for cove-hardwood, old-growth forests (-400 years old) in the Great Smoky Mountains of eastern Tennessee ranged from 326 to 384 Mg.ha-' (Busing et al. 1993 ) with a corresponding ANPP of 6.3 to 8.6 Mg.ha-'.yeas-'.
In young stands (42-63 years old), aboveground biomass ranged from 216 to 277 Mg.ha-' with a corresponding ANPP of 11.7-13.1 Mg.ha-'.year-' (Busing et al. 1993) . By contrast, in the White Mountains of central New Hampshire, in the absence of logging, aboveground live biomass averaged 208 Mg.ha-' (Martin and Bailey 1999) . Crow et al. (1991) reported 151 Mg.ha-' (~3% contributed by the understory) of aboveground live biomass in a 70-year-old maple-oak forest in northern Michigan, much less than what we found in cove hardwoods or mesic, mixed-oak communities of WS7 before cutting (=50-year-old forest). Monk et al. (1970) estimated aboveground live biomass of 145 Mg.ha-'
for an oakhickory forest in the Georgia Piedmont, and Day and Monk (1974) estimated aboveground live biomass of 140 Mg.ha-' in a north-facing watershed in the Coweeta Basin (both =.SO-year-old forest; heavily logged between 1900 and 1923). Theirs were less than our estimates of aboveground live biomass in the precut (1974) forest (also =50 years old and heavily logged between 1900 and 1923) for either the cove hardwood or mesic, mixed-oak hardwood communities of WS7, a south-facing watershed. Within the Coweeta Basin, for mature stands (275 years old), Bolstad et al. (2001) reported a range of ANPP from least productive (5.2 Mg.ha-'.year') on ridges at high elevation to most productive (11.7 Mg.ha-'.year-') in cove hardwoods. In a 50-year-old L. tulipgeru stand in Tennessee, Cole and Rapp (1981) reported an aboveground biomass of 125 Mg.ha-' and nutrient standing stocks of 305 kg N.ha-', 47 kg P.ha-', 173 kg K.ha-', and 456 kg C&ha-'. In WS7, within only =20 years of cutting, aboveground biomass was 66-78% of that reported by Cole and Rapp (1981) , depending on community type; nutrient standing stocks were 60-69% for N, 53-100% for P, 88-100% for K, and 52-57% for Ca.
In nearby mature (=70-year-old), pine-hardwood stands in the southern Appalachians, Vose and Swank (1993) reported an estimated aboveground biomass between 92.2 and 183.8 Mg.ha-'. Although before cutting, the dry, mixed-oak community in WSI was within this range of values, a larger component of oaks (our study; 93.3 Mg.ha-' vs. Vose and Swank (1993) ; 32.1-88.9 Mg.ha-'), only a minor component of Pinus rigidu Mill., and less K. lutifolia (our study; 3.77 Mg.ha-' versus Vose and Swank (1993); 12.6-29.7 Mg.ha-') were present. However, with only =20 years of regrowth, biomass accumulation of K. lutifoliu was nearly equal to its precut value, and biomass of Rhododendron maximum was 4.6 times greater than before cutting in the dry, mixed-oak community. In addition, leaf biomass of these two evergreen species was 31% of total leaf biomass. Because these two species can retain foliage for up to 3 years, only lo-15% of their total leaf nutrient standing crop is lost annually through litterfall, and because sclerophyllous foliage decomposes slowly (Monk et al. 1985) , the increased abundance of K. latifoliu and Rhododendron maximum in WS7 could have long-term implications for ecosystem processes such as decomposition and nutrient cycling.
Implications for ecosystem structure and function
Southern Appalachian hardwood forests have a high relative resilience for recovery by rapid accumulation of biomass, NPP, LAI, and nutrient standing stocks (Boring et al. 1981) . Early in succession, nutrient retention was related to rapid recovery of biogeochemical cycles associated with high rates of NPP and storage of nutrients in vegetation. In the first l-3 years after cutting, herbaceous-layer species contributed substantially to accumulation of aboveground biomass, LAI, and nutrient capital. In addition, the increase in woody LA1 by the third year after clear-cutting resulted in early canopy closure and a subsequent recovery of structural and functional forest processes. This rapid recovery of LA1 increased evapotranspiration, which reduced the extra water yield observed immediately after clear-cutting; by the seventh year after cutting, annual streamflow had returned to pretreatment levels (Swank et al. 2001) . The high rate of NPP and the sequestration and storage of nutrients during early succession substantially moderated the watershed's loss of solutes.
Later in succession, export of NO,-N in streams increased above levels observed in the initial post-harvest period, a response indicative of significant changes in internal Ncycling processes (Swank et al. 2001) . At that time, forest structure was partially dominated by the nitrogen-fixing early successional tree, R. pseudoacacia. However, forest composition was quickly changing because of competition and insect attacks by defoliators (Seastedt et al. 1983a ) and stem borers upon the R. pseudoacacia (Boring and Swank 1984) . The death of so many of these nitrogen-fixing trees resulted in elevated organic and inorganic nitrogen fluxes. Thus, later in succession, R. pseudoucuciu mortality was associated with elevated losses of NO,-N.
A prehumid climate, prolific hardwood sprouting, an abundance of R. pseudoucuciu (a nitrogen-fixing species), and the observed changes in species composition have important implications for ecosystem function. Clear-cutting favored shade-intolerant, fast-growing species, such as L. tulipiferu and R. pseudoucacia, subdominant A. rubrum, and shade-tolerant understory shrubs, such as Rhododendron maximum and K. lut(foliu. The abundance of large-seeded, slow-growing species, such as Quercus spp., Curyu spp., and 7: americana, declined after clear-cutting (Elliott et al. 1997) . Robiniu pseudoacacia and L. tuliplferu lose their foliage in early fall, have high leaf-nutrient concentrations; and L. tulipijeru and A. rubrum foliage decomposes quickly. Quercus spp. and Caryu spp. lose their foliage in late fall through the winter, have lower leafnutrient concentrations, and their foliage decomposes slower than many of the other overstory species that replaced their dominance (Cromack et al. 1973; White et al. 1988 ). These reported shifts in overstory species composition would result in forest floor litter with higher nutrient concentrations, lower C/N ratios, and subsequently faster decomposition rates.
However, the dynamics of the increasingly dominant evergreen understory, K. latifolia and Rhododendron maximum, may be as important to future ecosystem functions as the changes in the overstory. They have also increased in abundance in the Coweeta Basin since the loss of Castanea dentata from the overstory, and clear-cutting on WS7 further increased their distribution, basal area, and density (Elliott 1997) . In areas of the watershed where K. latifolia and Rhododendron maximum are abundant, the contribution of their ericaceous leaves to litterfall may reduce litter quality even with L. tulipifera and R. pseudoacacia in the overstory. Kalmicl latifolia and Rhododendron maximum retain foliage for several years, have low leaf-nutrient concentrations, and the sclerophyllous leaves decompose slowly (White et al. 1988 ). The organic soils and root mats that these ericads form may potentially alter soil pH, decrease forest floor decomposition rates, shift soil nutrient availability, and alter overall soil quality (Knoepp et al. 2000) . Because increased rates of litter decomposition accelerate nutrient cycling rates within an ecosystem, the composition and quality of litter have important implications in terms of nutrient loss and retention, soil nutrient availability, and soil quality (Knoepp et al. 2000) . Less is known about how various deciduous species use water; and species differences in evapotranspiration would also have long-term effects on hydrologic cycles at the watershed scale (Swank et al. 2001 ). These major changes in overstory and understory composition affect forest structure, organic matter quality, and water use; consequently, vegetation dynamics may result in different watershed hydrologic and biogeochemical responses in the future.
